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By Sumner A. Leadbetter and Sherman A. Clevenson 

Air forces andmoments acting on delta wings of aspect  ratios 2 
and 4 oscillating about the root midchord position have been  measured 
and are  reported  herein. The Mach  number and Reynolds number ranges 
covered were fmm 0.19 t o  0.81 and 0.90 x 106 to 4.40 x 106, respectively, 
and the reduced-frequency range w a s  from 0.08 t o  0.81. Cwarisons of 
the measured values were made w i t h  the results of the analysis of  Lawrence 
and Gerber and, i n  general, reasonably good agreement was  obtained. The 
measured values for  the delta wing with aspect  ratio of 2 were also com- 
pared w i t h  the results of "vanishing-aspect-ratio"  theory and  good agree- 
ment w a s  shown f o r  the lift coefficients. 

The eqerhaental  measurement of oscillating air forces is receivhg 
increased  attention because of the importance of these  forces in f l u t t e r  
and related problems  and because the expertmental values are  urgently 
needed t o  assess existing theoretical work. Despite the Fmportance  of 
this problem there exists only a limLted amount of data for  restricted 
ranges of aspect  ratio, Mach nmiber,  and  Reynolds number (see, for  exam- 
ple,  ref. I). 

There exists on ly  a rather meager amount of theoretical work on 
oscillating air forces on delta w h g s .  For incompressible flow, for  
instance,  coefficients have been tabulated by  LElwrence and  Gerber f o r  
delta wings of low aspect  ratio  (ref. 2) and the "tgaishing-aspect-ratio" 
theory of reference 3 has been developed for  delta ~ T n g s  of very low 



aspect  ratio. No experimental work on oscillating air forces on delta 
winge has been reported that can be used t o  appraise the theoretical 
results. 

This  paper presents some experimental measurements  of oscillating 
air force and moment coefficients as w e l l  as their respective phase 
angles as determined from tests of two delta w i n g s  of aspect  ratios 2 
and 4 which  were oscillated about the root midchord position. The coef- 
f ic ients  were determined for a Mach  number and Reynolds number range 
of 0.19 t o  0.81 and 0.90 x IO6 to 4.40 x lo6, respectively. The reduced 
frequency ranged from 0.08 t o  0.81. The measurements  were made i n  the 
Langley 2- by &-foot f l u t t e r  research  tunnel  using a resonant  oscilla- 
t ion technique used previously i n  the tests of rectangular wings  of low 
aspect  ratio  reported i n  reference 4. The results of the experimental 
investigation  discussed i n  this paper are canpared with the  theoretical 
results of reference 2 and with  those of the vanishing-aspect-ratio 
theory (ref. 3 ) .  

SYMBOLS 

A 

C 

k 

I la1 

aspect  ratio 

root chord of w i n g ,  f t  

reduced-frequency parameter , m/2v 

absolute  value of l i f t  coefficient per unit amplitude 

of oscillation, P O L  I 
ws l  a I 

l i f t  coeffdcient i n  phase with  angular displacement, I Z,[cos 0 

l i f t  coefficient in phase with angular velocity, I 2al s in  0 

oscfllating l i f t  vector,  positive when acting 

I 
M 

absolute value of l i f t  vector 

Mach nmiber 
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l%l 

M, 

R 

S 

t 
- 
L V 

a 

P 
I 

u1 

absolute value of moment coefficfent  per unit amplitude 

of oscillation, I%l 

moment coefficient  out of phase w i t h  angular 
displacement, I sfn 8 

oscillating mcment vector referred t o  a x i s  of rotation, 
root midchord, positive in direction of lea- edge 

'up, \%le 

absolute m;agnitude of mcment  vector 

dynamic pressure, lb/sq ft 

Reynolds number based on root chord of wing 

area of wing, sq f t  

tFme, sec 

velocity of test medium, f'ps 

angle of incidence  vector,  positive when leading edge 
up, radians 

absolute .magnitude of angle of incidence, radians 

phase angle that the moment vector Ieads the incidence 

vector, 180° - tan - -1 m2 
ml. 

phase angle that the lift vector leads the incidence 

vector, tan - -1 2 2  

21 

density, slu@;s/cu ft  

circular frequency of pitching oscillatfon of wing, 
raaans/sec 
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% circular frequency of first naturail dng bending 
oscillations,  radians/sec 

%€LC circular frequency of pitching  oscillations  in a near 
vacuum, radians/sec 

Tunnel.- The Langley 2- by 4-foot f l u t t e r  research  tunnel which 
permits testing a t  various  pressures was  used for  the  tests  reported 
herein. All t es t s  were made i n   a i r .  Further description of this tunnel 
can be  found i n  reference 4. 

W i n g  models. - The semispan wing models  were  of thick-skin balsa 
construction covered w i t h  glass  cloth and had an NACA 65~010 a i r f o i l  
section. Both models had a =-inch semispas. The model with  aspect 
ra t io  of 4 had a root chord of 12 inches and the A = 2 model had a 
root chord of  24 inches. These wings were designed t o  have high nat- 
ural  frequencies in order t o  minimize elastic  defomation and result- 
ant correction t o  the measured forces. The f i r s t  natural cantilever 
bending frequency was 198 cycles  per second f o r  the A = 4 wing and 
171 cycles  per second f o r  the A = 2 wing. 

Oscillating mechanism.-  The oscillating mechanism is  the one 
described i n  considerable detai l  in reference 4. Stated  briefly,  the 
oscillating mechanism  may be considered as a simple torsional vibratory 
system consfsting of a torsion  spring which i s  fixed at one end, a hol- 
low s tee l  shaft which is supported by bearings, and the semispan  wing. 
(See f ig .  1. ) The  mechanism was osci l la ted  a t  i t s  natural frequency-by 
applying  a  harmonically  varying  torque with an  electromagnetic  shaker. 
The amplitude of oscillation was f 2 O .  Four different  torsion springs 
were used t o  cover a range of frequency of oscillation. The pitching 
natural  frequencies in a  near  vacum for  the two wings were as 
f ollaws : 

%c (radians/sec) f o r  - 
Torsion spring 

2 Wing A = k w i n g  

21 x 2fi 

32 

42 

4 Not tested 48 



Instrumentation and calibration.- The instrumentation is the same 
as that  described in reference 4. The lift w a s  obtained from strain- 
gage beams and i ts  phase angle was determined with the aid of an elec- 
tronic counter chronograph. The ming moment (out of phase) w a s  obtained 
from a decrement trace of the wing position on a recording  oscillograph. 
The in-phase moent m s  determined from the difference in resonant fre- 
quency  between the model oscillating in a vacuum  and in air a t  the  test  
Mach nunber 88 measured w i t h  the  electronic counter chronograph. The 
phase angle 0 between lift vector and the angle of incidence w&s also 
measured with an electronic counter chronograph. The calibrations of 
the  balances and angular displacement were essentially  the same as those 
i n  reference 4 with the exception of the wing-position  determination. 
For these  delta wings, the fine chordxise line used in  the photographic 
technique w a s  placed on the root  plate  instead of on the wing t i p .  

Data reduction.- The l i f t  forces as determined From the  strain-gage 
balances were corrected f o r  an inertia component resulting from wing- 
bending deformation. These corrections were small; therefore,  a simple 
approximate method developed in appendix A of reference 4 was used. The 
inclusion of this correction leads t o  the following factor which when 
multiplied by the measured l i f t  gives the actual  applied l i f t :  for  
spring I, 0.996 and 0.997; f o r  spring 2, 0.992 and 0.992; for spring 3, 
0.984 and 0.986; and for  spring 4, 0.95 for  the A = 2 and A = 4 delta 
wings, respectively. 

Methods f o r  determinFng the in-phase and the out-of-phase  cmponents 
of the moment coefficients from the measured data are  discussed in   de ta i l  
in references 4 and 5,  a s  are stme of the  accuracies involved i n  this 
type of measurement. The phase angle 8 between the mornent vector and 
the angle of incidence was obtained from the  ratio of the measured 
ccanponents . 

The experfmental  data  obtahed from the l i f t s ,  momnts, and their  
respective phase angles  are  given in tables I t o  IV f o r  the A = 2 and 
A = 4 wings. Also given in  these  tables  me  the corresponding Mach 
nuuiber,  Reynolds number, and reduced frequencies. The in-phase moments 
were omitted in   tables  111 and IV for the A = 2 wing since  the  fre- 
quency shift was too small t o  obtain  satisfactory  values. The theoret- 
i c a l  values are given in   table  V. To show trends and comparisons, the 
e2Qerbental and theoretical values are sham in figures 2 t o  12. A 
small part  of the A = 2 wing data has been prevfously shown i n  
reference 6 .  
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DISCUSSION 

Tunnel-Wall Effects 
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Oscillatory  coefficients obtained fram w i n d - t u n n e l  measurements 
may be influenced by tunnel-wall  interference which may take  the form 
of a resonance phenomenon (see  ref. 7). Thus, before  presenting and 
discussing  the measured l i f t ,  moments, and  phase angles,  the range of 
these  experimental  studies i n  relation t o  c r i t i ca l  t u n n e l - w a l l  inter-  
ference is stated. In order to  shar  the proximity of the data to  the 
region of c r i t i ca l  tunnel-wall  interference based on two-dimensional 
flow, a plot of k against M f o r  the  various  torsion  springs is  
sham with curves of c r i t i ca l  tunnel-wall  effects in  f igure 2. The 
curves representing  the  experhental data are  well away from their  cor- 
responding curve of c r i t i ca l  w a l l  interference and, thus, the  tunnel- 
wall effects  are expected t o  be small. 

Effects of  Mach  Number and Reynolds Number  

Since the  testing technique used did not readily permit either M 
or R t o  be held constant while  varying the other parameters,  consid- 
erable  cross-plotting would have been necessary t o  obtain an indication 
of any effect. It was found i n  reference 4 that, for  the ranges of 
speed and frequencies covered, the overa l l  effects of pi aad R did 
not appear t o  be  of f i r a t  order and perhaps were within the accuracy 
of the experimentation. For this investigation a sufficient  quantity 
of data was not obtained t o  attempt t o  isolate the effects of M and R; 
however, a few data points which could be compared did  not show sig- 
nificant  effects. 

Comparisons of the Measured Values for  A = 2 Wing With  Theory 

The osci l la t ing  l i f t   coeff ic ient  124 for the A = 2 w i n g  are 
sham as a functron of reduced frequency in  figure 3. Also shown are 
the  coefficients  calculated by the method of Lawrence and Gerber (ref. 2) 
and the  results of vanishing-aspect-ratio theory (ref. 3 ) .  Over  most 
of the range of k investigated,  the results of the  vanishing-aspect- 
ra t io  theory  generally  shared good agreement with  the experimental 
results. The coefficients of  Lawrence and Gerber are found to be  con- 
siderably lower than  the  experimentally determined coefficients. The 
phase angle by  which the  oscillating l i f t  force  leads  the  angular d i s -  
placement of the w i n g  is sham in  f igure 4. As indicated in this figure, 
the results of  Lawrence and Gerber give phase angles sl ightly above the 
experimentally determined val~e~, and the results of the vanishing- 
aspect-ratio  theory  give  results  slightly above those of Lawrence and 



7 

Gerber. The analytical l i f t  phase angles as determined from both methods 
me considered to be in fair agreement with the experimental phase angles. 

Inasmuch as the aerodynamic moment data were obtained  experimentally 
i n  component form, it is appropriate t o  comgare these values wfth the 
analytical values of the components of the aerodynamic moment. The 
damping  moment coefficients (out-of -phase  conponent) f o r  the A = 2 wing 
are sham as a function of reduced frequency in figure 5. It may be seen 
that the measured coeffictents  are in good agreement with the theoretical 
coefficients of Lawrence and  Gerber, but  they  are  lmer than those  pre- 
dicted by the  vmishing-aspect-ratio  theory by approldmately a factor of 3. 

In figure 6, a comparison  of the measured in-phase mcxnent coefficient 
with those given by theory may be made. The coefficients of Lawrence and 
Gerber and the  coefficients of the  vanishing-aspect-ratio  theory  are shown. 
The results of the  theory of Lawrence and Gerber underestimate the coef- 
f ic ients   in  the range of k covered whereas the results of the vanishing- 
aspect-ratio  theory  are higher than  the  experhental  coefficients. 

As i n  reference 4, the phase between the lrmment vector and the 
angular position  vector was obtained fram the ra t io  of the out-of -phase 
(damping) and in-phase moment coefficients and is shown in figure 7. The 
measured phase angles axe in f a i r  agreement w i t h  those of vanishing- 
aspect-ratio  theory while the  theory of Lawrence and Gerber has phase 
angles whose magnitudes are slightly smaller than the exgerimenw values. 

Comparison of the Measured V d L l e s  for A = 4 W i n g  With  !Theory 

The A = 4 delta-wing coefficients and phase angles are preeented 
in  f igures 8 t o  12. Since the root chord of this w i n g  is one-half the 
root chord of the A = 2 wing, and since the frequency of oscillation 
and air  velocity  are  essentially  the same, the reduced-frequency range 
is less by a factor of 2. The oscillating l i f t  coefficients f o r  the 
A = 4 delta wing are shown as a function of reduced  frequency in fig- 
ure 8. Also sham for  comparison are  the  coefficients of Lawrence and 
Gerber for an A = 4 delta wing. The results of the vanishing-aspect- 
ratio theory  are not sham as it is f e l t  that A = 4 is too large t o  
be considered a vanishing aspect r a t io .  Over mcat of the reduced- 
frequency  range covered, good agreement is shown between the experi- 
mental and theoretical  coefficients . 

The phase angles by which the oscillating lift force  leads  the angu- 
lax displacement of the wing are sham i n  ffgure 9 as a function of k. 
Good agreement with the  theoretical phase angles of Lawrence  and  Gerber 
is shown for  the  larger p a r t  of the range covered i n  these  tests. A t  the 
lower values of k, the experimental phase angles  tend t o  became negative 
indicating that the lift is  lagging the angular displacement. 
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Figure 10 shows the damping  mament coefficient as a function of 
reduced frequency. It may be seen that the experimental coefficients 
are lower than the  theoretical  coefficients. 

Referring to  ffgure 11, a comparison of the measured moment coef- 
f i c i en t s   i n  phase with angular displacement with those given by Lawrence 
and Gerber may be made. The large scat ter   in  the experimental data may 
be attributed  to  the technique of obtaining  the  coefficients. The  moment 
i s  determined basically from a shift i n  resonant  frequencies from the 
frequency i n  a vacuum t o  the frequency a t  a particular test point. This 
frequency shift is usually small campared with the resonant  frequency of 
the system. The process of taking Bmall differences of relatively  large 
numbers tends to  introduce  considerable sca t te r   in  the data. 

The phase angle by which the  resultant mment leads  the  angular 
position is shown in  f igure 12. As may be seen, the phase angles pre- 
dicted by the theory of Lawrence  and Gerber are  considerably  smaller 
than the  experimentally determined maguitudes of the mment  phase angles. 

Catparison of A = 2 With A = 4 D a t a  

A comparison of the A = 2 data may be made with the A = 4 data 
by comparing figures 3 t o  7 w i t h  figures 8 t o  12. Figures 3 and 8 show 
the l i f t  coefficients as functions of reduced frequency. Although the 
results of Lawrence and Gerber indicate  the l i f t  coefficients f o r  the 
A = 4 delta t o  be rougliiy 35 percent  greater than the l i f t  coefficients 
for  the A = 2 delta wing, the experimentally determined coefficients 
show the A = 4 w i n g  t o  have ollry slightly higher l i f t  coefficients 
than  the A = 2 wing at the lower values of  reduced frequencies. For 
values of reduced frequencies  greater than 0.46, forces and p’hase angles 
were not obtained for  the A = 4 wing, and thus are not compared with 
the A = 2 wing i n  .this r a q e .  

A comparison of;the l i f t  phase angles  (figs. 4 and 9 )  as determined 
by  Lawrence and Gerber show the A = 4 phase angles to be slightly 
less than the A = 2 phase angles. Correspondingly, the experimental 
phase angles f o r  A = 4 were somewhat smaller than the A = 2 phase 
angles. 

A comparison  of the damping moment coefficients f o r  these two delta 
wings (figs. 5 and 10) indicated that both the analytical and experfmental 
coefficients decrease as the  aspect  ratio decreases from 4 to  2. A com- 
parison of the in-phase moment coefficients  indicate that, analytically, 
the in-phase moment coefficient  increases from A = 4 to A = 2, whereas 
the experimental mment coefficients, based on average data shown in   f ig -  
ures 6 asd ll, tend t o  decrease from A = 4 to A = 2. The phase angles 
of the moment coefficients  are seen to  be of about the same magnitude for  
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the two delta wings, whereas the  results of Lawrence and Gerber Fndicate 
an increase in  magnitude for the A = 4 t o  the A = 2 win@: (figs. 7 
and 12). 

The oscillating air forces and mments acting on delta wings of 
aspect  ratios 2 and 4 oscillating about the root midchord position have 
been measured and are reported  herein. "he Mach  number and Reynolds 
number ranges covered were from 0.19 t o  0.81 and 0.9 x l& t o  4.40 x 16, 
respectively, and the reduced-frequency  range was fram 0.08 t o  0.81. 
Cmparisons of the measured values were made trith  the  results of the 
analysis of Lawrence and Gerber and, in general, reasonably good agree- 
ment was obtained. The measured values for  the delta wing w i t h  aspect 
ra t io  of 2 were also canpared with the  results of "vanishing-aspect- - ra t io"  theory and good agreement was sham f o r  the lift coefficients. 

Langley Aeronautical  Laboratory, 
National Advisory Ccamnittee for Aeronautics, 

Langley Field, Va., October 13, 1953. 
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c For A = 2 win@: 
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.E 
13 

.14 1-13 
-15 114 
=x7 11-5 
.17 n 6  
.rg 116 
.23 117 

I 

4.4 x 106 
4.1 
3 -9 
3-7 
3.5 

3 -4 
3 02 
3-0 
2.0 
2.6 

2.3 
2.4 
2 .I 
2.0 
1 =7 

For A = 4 wing 
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12 
12 
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35 
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TABLE 11. - E X P E 3 I " L  DATA FOR TORSION SPRING 2 

For A = 2 wing  

0.22 
.24 
25 
.26 - 27 
.28 

29 
-30 
32 

0 %  

-37 
* 39 

43 .48 
.54 
.54 
65 
.81 

94 x 10-5 
97 
99 
100 
101 
102 

0.7'4 
70 
67 .64 
.61 
* 58 

55 
9 52 
49 
.46 
43 
.40 

0.13 
.14 
15 
.16 
17 
.18 

19 
.21 
.22 
23 
.26 

102 x 10-5 
104 
107 
108 

I 
0.71 
67 
.61 
9 57 

ll0 53 
ll2 50 

l l 4  .46 
115 .42 
n 6  .41 
117 37 
119 33 

I 

4.2 x 10 
4.1 
4.0 
3 *8 
3.7 
3 =6 

3.5 
3.3 
3.2 
3 -0 
2.8 
2.6 

2.4 
2.2 
1 - 9  
2 .o 
1.6 
1 . 3  

- 
7 
9 
8 
10 
10 
ll 

ll 
12 
14 
15 
16 
18 

21 
21 
24 
24 
29 
32 - 

For A = 4 wing 
I 

2.05 x 106 
1.98 
1.85 
1.78 
1.70 
1.60 

1 .go 
1-38 
1.35 
1.25 
1.08 

0.97 
-99 
90 

1.00 
1.10 
I .10 

1.08 
1.07 
1.12 
1.20 
I .1g 
1.22 

1-30 
1.36 
1-37 
1.43 
1.85 
2.06 

' 3  
3 
3 
3 
4 
5 

7 

10 
12 

1 .og 
1.08 
1.05 
1.01 

0 9 7  

1 .oo 

92 
83 

1.19 
.84 

1.01 

0 9 133 
153 
.158 
.167 - 179 
.169 

.186 
,134 
,147 
-0g4 

.167 

.146 
177 
. ~ 6  
=og3 
.203 
.214 

.145 

0.072 
.067 
057 
.072 
073 
' 079 

073 
.078 
.074 
077 
.088 
.103 

.log 

.11g 

.132 

.147 - 157 

.218 

0.19 
.20 
9 17 
* 19 
17 
.18 

.10 

.11 
13 
.12 
19 

0 -037 
.041 
.045 
,041 
.044 
0049 

,062 
.046 

.071 
* 084 
.ogo 
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TABI;E 111.- -AL DATA FOR TORSION SPRING 3 

k 'm2 4 1  Q 0 R M P 

0.28 
-29 
32 
33 
35 

36 
* 39 
.41 
43 
.46 

-49 
54 
57 
.61 
55 
71 

0.16 
-17 
.18 
.18 
.20 

.22 
23 
.24 
.26 
27 

29 
39 
32 
.46 
9 35 

80 X 10-5 
81 
91 
93 
94 

96 
97 
98 
99 
100 

102 
103 
104 
105 
106 
108 

0 -81 
- -77 

69 
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Figure 1.- D i a g r a m  of oscillating mechanism and mounted l u  the 
Langley 2- by 4-foot f lut ter  research tunnel. 
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Figure 2.- Reduced frequency against Mach nrmiber showfng range of experi- 
mental studies  in  relation t o  c r i t i ca l  tunnel-wall interference. 
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Figure 5.- Damping moment coefficient as a function of reduced frequency 
for 63.4O delta whg. A = 2. 
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Figure 6.- In-pbase moment coefficient ~ ~ 1 3  a function of reduced frequency 
for 63.4' aelta a. A = 2. 
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Figure 7.- Moment phase angle a8 a function of  reduced frequency for 
63.4' ddta xi-. A = 2. 
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Figure 10.- Demping moment coefficients a8 a function of reduced freqUeW 
for 45O delta KLng. A E: 4. 
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Figure 11.- In-phase mament coefficient as a function of reduced frequency 
far 45' delta wing. A = 4. 
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Figwe 12.- Moment phase m e e  as a function of reaucea frequency for 
45O delta wing. A = 4. 
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